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To develop Improved strategies for gene transfer to hematopoietic cells, we have explored targeted gene 
10 aeveiop impruvcu sua s „Z.tnrc (\iCV<t\ MCVs are constructed by condensmg plasnud DNA 
transfer using molecular f "y-g^** J*'*"" j^,™. ^ adenovirus 

co-pan 8«~ '"•fj" SvlVZ iSdMCV. i. mnsfcrrrf Oudloase) is ta lb. g»o»jot 

associated with integration of adenovirus sequences into genomic DNA. 



The goal of gene therapy is to introduce accurately and 
efficiently therapeutic genetic alterations into target cells. Un- 
fortunately, current vectors and gene delivery systems are far 
from perfect, and significant effort is under way to improve 
these systems (21). One possible approach to accurately target 
specific ceils is receptor-mediated or cell epitope-directed gene 
transfer. Such a targeted approach of gene transfer was first 
described by Wu and Wu, who used a molecular conjugate 
vector (MCV) directed to the asialoorosomucoid receptor of 
hepatocytes (36). This vector system was demonstrated by the 
same investigators to be functional in vivo, by targetmg specif- 
ically hepatocytes in rats (35). Expression of receptor-targeted 
conjugate vectors can be augmented by a factor of 2,00U 
through the introduction of replication-incompetent adenovi- 
rus (AD) as an endosomolytic component into the MCV, 
where a transfection frequency of >95% was observed (32). 
Transferrin was used as the targetable receptor in these exper- 
iments, and other receptors or ceU epitopes such as the c-lat 
receptor (26) or the immunoglobulin receptor (8) were found 
to be targetable with such an MCV in vitro or in vivo. Although 
the episomal location of the vector complex permits only tran- 
sient expression with this vector system, this vector has severa^ 
potential clinical applications; the trajnsient exgression^^^^^^ 
a'T^ceptorSg^ter^^^ may be sufficient for 

targeting malignant cells with vectors encoding cytotoxic toxins 
or for use in immunotherapy approaches using modified TIL 
cells expressing cytokines or in vaccination protocols (31). 
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The originally described transfenin-target MCV construct 
Trans-MCV (32) is currently being investigated as a vector for 
the interleukin-2 gene in a phase I clinical cancer immunother- 
apy trial for metastatic melanoma (31a). In that respect, any 
increased or prolonged expression property of this vector could 
have a significant impact on its clinical utility. The rationale for 
incorporating AD into the MCV so far has been solely to 
achieve endosomolysis and thereby protect the circular plas- 
mid encoding a reporter gene from degradation. Although the 
components of the MCV provide some protection, degrada- 
tion eventually wUl occur (4). In this context, we hypothesized 
that DNA encapsulated in a recombinant AD (recAD), irre- 
spective of the infectivity of the virus, should have mcreased 
protection in the environment of an MCV. Therefore, we ex- 
pected DNA degradation in the cellular environment to be 
delayed compared with degradation of circular plasmid DNA, 
thus resulting in improved expression characteristics of a re- 
porter gene. In this work, we tested this hypothesis by con- 
structing the transferrin-targeted recAD conglomerate vector 
Trans-recMCV (Fig. 1) and compared it directly to the previ- 
ously described vector, Trans-MCV in the ceU line used for its 
initial description. Trans-recMCV is constructed similarly to 
Trans-MCV (Fig,- l);^however, recAD^isJinked^^o^wlylysme.. 
(PL) and condensed with sahnon sperm DNA instead of the 
reporter plasmid. Targeting to the transferrin receptor is ac- 
complished by using a streptavidin (SA)-PL ligand bndge m 
the same manner in both systems (Fig. 1). K562 cells trans- 
fected with Trans-recMCV had prolonged (6 months) and 
increased (fivefold) reporter gene expression compared with 
Trans-MCV and exhibited persistence of the reporter gene by 
PCR analysis. Furthermore, integration of AD sequences with 
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the novel vector construct into the genome was demonstrated. 
We have compared expression characteristics of recAD to 
those of an equivalent amount of recAD chemically linked to 
PL (recMCV) and found a 50-fold increase in expression. This 
was not explained simply by increased uptake of the complex, 
which increased only fourfold. Although persistent low-grade 
expression in K562 cells infected at a multiplicity of infection 
(MOI) of >2,500 was observed, the frequency of single-ceU 
clones expressing luciferase was very low (<1:100). Therefore, 
a recAD-PL conglomerate has improved expression character- 
istics compared with single recAD particles. 

MATERIALS AND METHODS 

Chemical linkage of AD and recAD to PL. The P^o^^ure was performed as 
previously described (26). Briefly, El-deleted human type 5 AD {dtin) and 
El-dcleted human type 5 recAD containing the luciferase gene under a cyto- 
megalovirus promoter (recombination of pJM17 and pAC-CMV-Iuc) were used 
to infect 293 cells (gift from Thomas Shcnk, Princeton, N.J., and David Cuncl, 
Birmingham, Ala.). Cells were harvested when a cytopathic effect was observed, 
and aftfr four frceze-thaw cycles, the cell lysatc was purified twice over a cesium 
chloride gradient by ultracentrifugation. AD was covalently linked to PL (mo- 
lecular weight. 30,000 to 70,000); caulog no. 2636; Sigma, St. Louis^Mo ) with 
--EDeil-ethyl-3(3^dimethyl^ihopropyl)-cai:boaiimi^ 

Rockford, 111.] to achieve a final concentration of 5 X 10»^ particles/ml (1 
optical density rOD] at 260 nm equals W viral particles; this equals 10 PFU 
of prior linkage). Aliquots of AD. recAD, AD-PL, and [JcAD-PL were stored in 
viral preservation medium at -70'C (0.01 M Tris [pH 8], 0.1 M NaCI, 0.1% 
bovine scrum albumin, 10% glycerol). ^ ^ - r oiri i 

MOL MOIs for AD dtin and recAD were standardized on the basis of PFU. 
PFU was determined by performing plaque-forming assays usmg 293 cells as 
outlined in reference 12). ... • u* 

Chemical linkage of SA to PL. SA (Sigma) was linked to PL (molecular weight, 
30,000 to 70.000; Sigma) as previously described (32). The SA and PL contents 



were determined by OD at 280 nm and OD 223 nm, respectively PL was 
modified with SA at a molar ratio of 1:6.25; final concentrations were 300 ng of 
PL and 40 ug of SA per ml. . • . j 

Plasmid DNA The plasmid pluc4 was derived by cloning the luciferase under 
control of a cytomegalovirus promoter into plasmid pstcxssc, o"ginally described 
bv Scvemc ct al. (28). Endotoxins were removed as previously dcscnbed (19). 

Cell culture and flow cytometric (FACS) analysis. K562 celU were maintamed 
in RPMI (Gibco-Life Technologies) supplemented with 10% fetal calf serum 
(Atianta Biologicals), penicUlin-streptomycin (Gibco-Life Technologies), and 2 
mmol of L-glutamine (Gibco-Life Technologies). Cells were passaged two to 
three times per week at a 1:4 ratio. Single-cell cloning was accomplished by 
limiting dilution into Terasaki plates (Nunc, Roskilde, Demnark) and confirmed 
by light microscopy. Expression of cell transferrin receptors «^ determined by 
fluorescence-activated cell sorting (FACS) ^alysis Briefly, 10^ "Us were incu- 
bated with 1 ag of biotinylated transferrin (Sigma) for 60 mm at 4 C, washed, 
and incubated with SA-fluorescein isothiocyanate (R&D Systems, Minneapolis, 
Minn.) for 30 min at 4»C. Cells were analyzed immediately on a Coulter (Hi- 
aleah, Fla.) Profile machine. 

Preparation of vector complexes for electron microscopy. Vectors were as- 
sembled by using recAD-PL as described above except for ^e addmon of 
biotinylated transferrin. In the final step of vector construcUon, ^^J^/*^" 
vidinylated colloidal gold particles (Nanoprobes, Stony Brook, N.Y ) was added 
to the vector by using a biotin bridge; 7 nl of a 12-mg/ml !'°<:k ° 
N-hydroxysuccinimidobiotin in dunethyl sulfoxide (Pierce) was "icubated m 1 nd 
of 0.1 M NaHCOa-O.l M glycine solution (pH 8.5) for 1 h. One hundred 
microliters of this solution was added to the vector and was dialyzed agains two 
exchanges of I- liter of HEPES^buffcred-saliiie-ovemighli>usmg>a 6,00u-molecu- 
far-weight-cutolT dialysis tubing (BicRad. Hercules. Calif.). Control samples 
were processed idenUcally without the addition of the bioUn and thus lacked the 
biotin bridge. Twenty microliters of streptavidinylated gold (Nanoprobw) was 
added, and the solution was placed onto a 300-mesh Formvar film (l^dd Re- 
search Industries Inc., BuHington. Vt.)-coated grid (Ted ^^^^lY;J^f^'^^ 
Calif). Excess unbound gold was removed by three washes witli distilled water 
prior to fixation with 5 ^ll of phosphotungstatc acid (Fisher Scientific Ca Fair 
Lwn N J ) The grid was examined and photographed with an Hitachi H-70UU 
electron microscope (Hitachi Ltd.. Tokyo Japan). The actual ^^^s of the rec- 
MCV and Trans-rccMCV were determined to be less than 200 nm, based on the 
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fact that these constructs were readUy filtered through a 200-nm-cutoff filter 
(Milliporc, Bedford, Mass.) without loss of transfection efficiency. 

Transfection studies. Briefly, 100 ^1 of AD-PL was condensed with 2 M-g of 
reporter plasmid, or 100 jil recAD-PL was condensed with 2 ^xg of sonicated 
salmon sperm DNA (Stratagene), for 30 min at room temperature. One lot of 
DNA was used with a base pair range of 300 to 2.000. The size of the preparation 
was confirmed by electrophoresis through 1.2% agarose. This was foUowed by 
the addition 6 jxl of SA-PL and a 30-min incubaUon at room temperature, and 
these constructs served as the control vector (MCV or recMCV). The targeted 
vectors were constructed by adding 40O ng of biotinylated transferrin as a final 
step to generate Trans-MCV or Trans-recMCV (Fig. 1). Suspensions of K562 
cells (10*^ cells/ml) in serum-reduced medium (2% fetal calf serum) were incu- 
bated with the MCV, Trans-MCV, recMCV, or Trans-recMCV vector or with 
purified recAD at different MOIs in a 1.5-ml Eppendorf tube at 37 C with 
rotation for 2 h. Cells were returned to their regular growth conditions in a 25-ml 
flask. Cells were harvested at different time points and analyzed for lucifemsc 
expression (Promega, Madison, Wis.), using a luminometer (Berthold Bad Wil- 
dung, Germany, or Analytical Chemiluminescence. San Diego, Calif.) with a 
measuring time of 20 s. Relative light units (RLUs) obtained were corrected for 
the protein concentration of the cell lysate (Pierce) and are reported as RLU/ 
milligram of protein. * c . a -.u 

i^'S] methionine labeling of recAD and recAD-PL. 293 cells were infected with 
recAD (10 PFU per cell), and virus was propagated in melhiomne-free RPMI 
medium (Gibco) containing p^S]methionine (Amersham Life Sciences, Arling- 
ton Heights, 111.) as previously described (27). [«S]methionine-labeled recAD 
("S-recAD) was purified and cross-linked to PL as described above. K562 cells 
were infected with equal amounts (counts per minute) of S-recAD or traiis- 
fectcd with recMCV constructed from ^^S-recAD-PL. After a 2-h incubaUon, the 
cells were washed thrice with phosphate-buffered saline and trypsinized for 15 
min at 3rC (Gibco) to remove any ^^S-recAD or ^^S-recMCV bound to the cell 
surface. The cells were washed and then pelleted. The cell pellets were dissolved 
in 100 pil of 0.1 M NaOH, and the radioactivity was determined by liquid 
scintillation counting. ^ ^ u a a 

PGR. DNA was extracted from cells as previously described (2). One hundred 
nanograms of DNA was amplified by PCR with primers specific for the luciferase 
gene to amplify the region between bp 772 and 1133 (sense, 5'CAA CCG CTT 
CCC CGA err C3'; antiscnse, 5'GTG TGG CCC TTC CGC ATA GA3', One 
hundred nanograms ol Xhol (Gibco)-digested plasmid pluc4 was used as the 
positive control. The amplification was performed as instructed by the manufac- 
lurer (Perkin-Elmer Cetus, Branchburg, N.J.). AmpUfication condiuons were 
one cycle of 94"C for 2 min, followed by 32 cycles of 94X for 1 min, 59°C for 30 s, 
and 72'C for 30 s. The PCR products were loaded and separated on a 1% 
agarose gel and then visualized with ethidium bromide. 

Biological assay for persistence of AD vector. Supematants and cell lysates of 
cell clones expressing the luciferase reporter gene were added to 293 cells grown 
in six-well plates (Nunc) at 70% confluency. PFU was determined as described in 

^^nSH^Vlliorescent in situ hybridization analysis (FISH) was used to confirm 
the integration of AD sequences. The human AML cell line K562 was arrested 
in metaphase by the use of 50 ng of colcemid (GIBCO/BRL, Grand Island, N J.) 
per ml for 1 h. The cells were then exposed to 0.075 M KCl for 20 mm at SrC. 
The cells were fixed three times in 3:1 methanol-acetic acid at -20X for 30 min 
each time and dropped onto microscope slides. The 31-kb 3' fragment from 
AdCMVLacZ was obtained after Abai digestion and gel purification. Construc- 
tion of the virus AdCMVUcZ has been described previously (16). This fragjnent 
was labeled with biotin-16-dUTP (Boehringer Mannheim, Indianapolis, Ind.), 
using a large-fragment DNA labeling kit (Oncor, Inc., Gaithersburg, Md.) as 
instructed by the manufacturer and a 30-min incubation time. Hybridization of 
labeled AdCMVLacZ DNA was done for 16 h in a humidified, 3r*C incubator. 
Detection of labeled DNA was performed by using kits from Oncor. The signals 
were observed on a Zeiss Axioskop epifluorcscence microscope, using a 63x 
Apo-Chromat (numerical aperture = 1.4) or lOOX Apo-Chromat (numerical 
aperture = 1.4) (Carl Zeiss Inc., Thomwood, N.Y.) iris. The images were cap- 
tured with a ZVS 47DEC CCD camera (Carl Zeiss) and Image Central software 
(Advanced Imaging Concepts, Princeton, (NJ.). 

RESULTS 

Binding of biotinylated ligand to recMCV. To demonstrate 
the presence and amount of the biotinylated ligand contained 
in'TecMCVr'bimihyiated"~ttansferrin" ^w^^ 
streptavidinylated colloidal gold particles by using a biotm 
bridge in the final step of vector construction. Examination of 
these vector complexes by electron microscopy showed the 
expected AD morphology (Fig. 2A) in the molecular vector 
complex as well as the bound colloidal gold particles (Fig. 2B). 
Significant accumulation of the colloidal gold is seen coatmg 
the recombinant conglomerates, while the control conglomer- 
ates lacking the biotin bridge do not contain colloidal gold 




FIG. 2. Electron microscopy of recMCV. recMCV was constructed as de- 
scribed in Materials and Methods. StrepUvidinylatcd gold particles were added 
to recMCV in the final step of construction as described in Materials and 
Methods (B). The control MCV is seen in panel A. 



particles (compare Fig, 2A and B). Thus, there is effective 
binding of biotinylated ligand to the SA sites m the recMCV 
complex, and recAD can be chemically linked to PL. 

Transferrin receptor expression on K562 cells. High expres- 
sion of the transferrin receptor on K562 cells was confirmed by 
FACS analysis (data not shown). ^ 

Comparison of luciferase gene expression m K562 cells 
transduced with recAD and the MCV constructs. "Transfer- 
rinfection" is a transferrin receptor-mediated gene transfer 
method originally described by Wagner et al (32) that con- 
denses plasmid DNA encoding the luciferase reporter gene 
with AD-PL as part of the vector construction (26). To im- 
prove the efficiency of targeted gene transfer, we compared a 
vector prepared by transferrinfection to a novel transferrm- 
targeted vector that was assembled with recAD contammg the 
luciferase gene (Fig. 1). Briefly, equivalent amounts of El- 
deleted dlZn AD or luciferase gene-encodmg recAD were 
linked to PL to generate AD-PL and recAD-PL, respectively. 
Then, plasmid DNA was added to AD-PL and salmon sperm 
DNA was added to recAD-PL. This was followed by the addi- 
tion of SA-PL to both constructs to generate MCV and rec- 
MCV, respectively. These vectors are also referred to as the 
untargeted or control vectors. The addition of biotinylated 
transferrin as affinal step to either system generated transferTin- 
receptor-targeted MCVs (Trans-MCV and Trans-recMCV). 
Therefore, the vectors contain either AD-PL (MCV or Trans- 
MCV) or recAD-PL (recMCV or Trans-recMCV). Fmally, 
both vectors contained the equivalent of 500 PFU of AD or 
recAD per cell prior to linkage with PL. K562 cells were trans- 
fected with the transferrin-targeted vectors Trans-MCV and 
Trans-recMCV, which resulted in luciferase gene expression 
fourfold above the level for control vectors at 48 h (MCV and 
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FIG. 3. Effect of recAD on transferrin- targe ted transfection of K562 cells. 
K562 cells were Uansfected with the control or the transferrin-targeted MCV or 
to the control or the transferrin-targeted recMCV, as indicated and as descnbed 
in Materials and Methods, and analyzed at 48 h. The data arc presented as mean 
RLU of duplicate determinations i standard error and are representative of 
three experiments. 



recMCV, respectively) (Fig. 3; compare bars 1 and 2 and bars 
3 and 4). Interestingly, there was a fivefold increase in lucif- 
erase gene expression in both the recMCV and the Trans- 
recMCV vector over the level for the MCV counterpart (Fig. 
3; compare bars 1 and 3 and bars 2 and 4). Thus, expression of 
the transferred gene is significantly greater with the novel 
vector Trans-recMCV than in the previously described trans- 
ferrinfection system. 

Next, we wanted to compare reporter gene expression m 
K562 cells that were infected with recAD particles to cells 
transduced with an equal amount of PFU of recAD chemically 
linked to PL. Therefore, K562 cells were infected at an MOI of 
500 PFU with recAD particles or recAD complexed in the 
molecular conjugate (MOI of 500 PFU). Reporter gene ex- 
pression was seen to be 50-fold higher after recMCV infection 
than after recAD infection at 48 h (Fig. 4A). Thus, luciferase 
gene expression is significantly hi^er when recAD is com- 
plexed in the MCV than with an equivalent amount of recAD 
particles. 

Comparison of uptake of recAD particles and recMCV by 
KS62 cells. Since increased viral particle uptake in the MCV 
form could explain improved gene expression over recAD par- 
ticles, recAD was labeled with p^S]methionine and then linked 
to PL. K562 cells were incubated with equivalent amounts 
(counts per minute) of recAD complexed in the MCV or as 
free particles for 2 h, washed, trypsinized, and analyzed for 
radioactivity (Fig. 4B). While 4.7% of the total counts of S- 
recAD was found associated with the cells infected with recAD 
particles, there was an approximately fourfold (17%^ increase 
in uptake in assays using equivalent amounts of S-recAD 
complexed in the MCV. Thus, while there is a 50-fold increase 
in luciferase gene expression when recAD is contained in the 
MCV compared to the recAD particles, there is only a 4-fold 
increase in uptake of recAD particles associated in K562 cells. 
"XdmpMson of the kinetics of lucife expression in 

K562 cells transfected with recAD and with transferrin-tar- 
geted Trans-MCV versus Trans-recMCV. We determined lu- 
ciferase gene expression and the kinetics of luciferase gene 
expression as a function of MOI by infecting K562 ceUs at 
increasing MOIs of recAD. K562 ceils were infected with 
recAD at MOIs of 80, 160, 320, 640, 1,280, 2,560, and 5,120 
PFU. Maximum expression was observed after 36 h in all 
experiments. Expression returned to baseline at 5 weeks in 



ceUs infected with MOIs of up to 1,280 PFU. Increased re- 
porter gene expression was seen with increasing MOIs up to 
2,560 PFU but could not be further increased by doubling the 
MOI to 5,120 PFU (Fig. 5A). Interestingly, low levels of lucif- 
erase gene expression were observed over a period of 6 months 
in cells infected with the highest MOIs (2,560 and 5,120 PFU). 

We next compared the kinetics of luciferase gene expression 
in K562 cells transfected with Trans-MCV or Trans-recMCV. 
As previously demonstrated, targeted transferrin transfection 
(Trans-MCV) results in transient gene expression in K562 cells 
that declines by 4 to 8 days in culture and returns to baseline 
expression thereafter (Fig. 5B). We have occasionally observed 
persistent expression at very low levels over prolonged periods 
(data not shown). In contrast, cells transfected with Trans- 
recMCV showed prolonged expression of the transferred gene 
that did not decline until 14 to 20 days in culture. Furthermore, 
reduced but persistent reporter gene expression was observed 
over the 6-month period examined, suggesting stable expres- 
sion. The kinetics of luciferase gene expression were identical 
for the untargeted and control conjugate vectors, MCV and 
recMCV, respectively, although at proportionally decreased 
levels as demonstrated in Fig. 3 (data not shown). Thus, in- 
creasing the MOI of free recAD particles results in increased 
reporter gene expression that reaches a maximum at an MOI 
of 2,500. Althou^ the kinetics of luciferase gene expression at 
these very high MOIs of recAD are similar to the kinetics seen 
with Trans-recMCV, gene expression achieved with Trans-rec- 
MCV is greatiy enhanced. Gene expression is prolonged and is 
stable (albeit at lower levels) for 6 months. 

Establishment and characterization of stably transfected 
K562 cells with persistent luciferase gene expression. Since 
persistent expression was observed in cells transfected with 
Trans-recMCV, we wanted to determine the frequency of sta- 
ble transfection to individual cells. Therefore, K562 cells trans- 
fected with Trans-recMCV were cloned by limiting dilution 
analysis 5 weeks after the initial transfection. Luciferase gene 
expression was determined in 100 single-cell clones in two 
experiments and was categorized as high, intermediate, or low 
(see the footnote to Table 1). The results of two experiments 
each examining 100 single-cell clones obtained from K562 cells 
transfected with Trans-recMCV after 5 weeks in culture (Table 
1) show that 35 to 50% of the single-ceU clones contmue to 
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FIG, 4. (A) Comparison of luciferase gene expression in K562 cells infected 
with an equivalent amount of recAD (500 PFU) or transfected with rccAD-PL 
(500 PFU of prior chemical linkage) contained in the MCV. The data are 
presented as mean RLU, measured at 48 h, of triplicate detennmations i 
standard error and are representative of two experiments. (B) Comparison of the 
uptake of ^^S- recAD particles and ^'S- recAD conjugated in the MCV on K562 
cells. K562 cells were incubated with equivalent amounts of radioactivity dS 
"S-rccAD or "S-recAD-PL contained in the MCV as described in Materials and 
Methods. CPM Total, total amount of radioactively labeled recAD added to 
K562 cells. .... 
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FIG. 5. Kinetics of luciferase gene expression of recAD at increasing MOIs, 
of Trans-MCV, and of Trans-recMCV. K562 cells were infected with increasmg 
MOIs of recAD and analyzed sequentially over a 6-raonth penod for luciferase 
gene expression (A). K562 cells were transfected with Trans-MCV or Trans- 
recMCV in triplicate as described in Materials and Methods. Luciferase gene 
expression was determined sequentially over a 6-month penod as ouUined tn 
Materials and Methods (B). The data are presented as mean RLU and are 
representative of two separate experiments. 



have intermediate to high levels of luciferase gene expression. 
In contrast, we were unable to obtain single-ceU luciferase 
gene-expressing clones from K562 cells infected with recAD 
particles in two separate experiments each examining 100 sin- 
gle-cell clones. Therefore, we determined the efficiency of 
recAD stably transduced K562 ceUs to be less than 1%. Thus, 
transfection of K562 cells with the novel vector Trans-recMCV 
results in variable expression levels ranging from zero to 
greater than 10-fold for individual single-cell clones compared 



TABLE 1. Reporter gene expression 



Expt 



Reporter gene expression (RLU/mg of protein) 



High 



Intermediate 



Low 



None 



'^45* 
29 



10 
17 



40 
48 



" Reporter gene expression was measured in single-cell clones obtained from 
K562 cells at the time of steady-state expression. Parental K562 ceUs were 
transfected with Trans-recMCV and analyzed for receptor gene «Presston. 
Expression category was assigned arbitrarily as high (expression >10-fo d that of 
the parental clone), low (expression <l-fold that of the parental clone), or 
intermediate (expression 1- to lO-foId that of the parental clone). Nonexpressmg 
clones were zero by dcfmiUon. The results of two separate experiments, each 
analyzing 100 clones, are shown. - j..- . . ...^.- .s 
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FIG. 6. Stable luciferase gene expression in high-expressing single-cell K562 
clones, K562 cells were transfected as outlined in Materials and Methods with 
Trans-recMCV and then subcloned by limiting dilution analysis 5 weeks after the 
initial transfection. Luciferase gene expression was determined over a 6-month 
period on three high-expressing clones and the parental transduced clone. The 
data are presented as RLU of individual cell clones and are representative of two 
separate experiments. 



to the parental cells. Taken together, the data indicate that 
Trans-recMCV is a high-efficiency novel gene transfer vector 
resulting in stable luciferase gene expression over a 6-month 
period that occurs with relatively high frequency (35 to 50%) in 
K562 cells subcloned 5 weeks after initial transfection in cul- 
ture. . 

Next, we determined the expression of luciferase m high- 
expressing single-cell clones over time. Three high-expressing 
single-cell clones obtained from the experiment described 
above were analyzed for reporter gene expression every 2 
months over a 6-month period (Fig. 6). The expression of 
luciferase was stable over the 6-month period for all of the 
high-expressing clones examined. The expression of luciferase 
from the transfected parental cells is shown for companson. 
Furthermore, expression of luciferase in the intermediate- and 
low-expressing clones was also stable over a 6-month penod 
(data not shown). . 

Presence of the luciferase gene, absence of episomally 
retained recAD, and genomic integration of AD sequences 
in luciferase gene-expressing cell lines transduced with 
Trans-recMCV. To demonstrate the presence of the luciferase 
gene in Trans-recMCV-transfected K562 cells, we examined 
three high-expressing luciferase clones (clones 115, 57, and 48) 
and three clones that did not express luciferase (clones 61, 46, 
and 33) by PCR using specific primers for the luciferase gene, 
A specific 361-bp segment was amplified in luciferase-express- 
ing clones (Fig. 7, lanes 2 to 4) but not in clones that did not 
express luciferase (lanes 5 to 7). The amplified band was the 
same as that seen for the luciferase gene contained in plasmid 
pluc4 (lane 1). Propagation in transduced cells of free, episo- 
mally retained recAD may result in both prolonged reporter 
gene expression and a positive PCR signal for the luciferase 
gene. Therefore, we examined the supematants and cell lysates 
of 12 different cell clones that were expressing the luciferase 
reporter gene at high leveis-(as-defined above) for the presence - 
of AD, using a biological assay at 3 and 6 months posttrans- 
fection. Sensitivity of the assay was determined by observmg a 
cytopathic effect with vector at a level as low as 10 particles/ml 
of medium. None of these assays resulted in plaque formation 
and thus were negative for the presence of AD. 

Finally, we wanted to determine if AD sequences are 
present in the genomes of the high-expressing transduced cell 
clones 48, 57, and 115. FISH analysis was perfomed mth the 
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FIG. 7. Detection of luciferase DNA by PGR analysis in single-cell clones 
obtained from K562 cells transfected with Trans-MCV. Three high-luciferase- 
expressing clones (clones 115, 57, and 48) and three noncxpressing K562 clones 
were obtained as described in Materials and Methods. DNA obtained from these 
clones was amplified by PGR for a 361-bp fragment specific for the luciferase 
gene as described in Materials and Methods. Linearized plasmid pluc4 DNA 
containing the luciferase gene was used as the positive control (GTL). 



31-kb 3' AD fragment, and hybridization of the probe to chro- 
mosomes of each transduced ceU line was demonstrated (Fig. 
8 and data not shown). Thus, AD sequences inte^ated into 
only one chromosomal homolog in each cell. This is most 
obvious by the single signal detected in interphase nuclei (Fig. 
8D), As a control, uninfected K562 cells were treated in par- 
allel. No signal was detected in uninfected K562 cells (data not 
shown). Thus, the stable expression accomplished with the 
novel vector Trans-recMCV in K 562 cells is associated both 
with persistence of the luciferase gene and integration of AD 
sequences into the genome of the transduced cells. 

DISCUSSION 

In this work we have compared a modified gene transfer 
system with a previously described transferrin receptor-tar- 
geted MCV in the human erythroleukemia cell line K562 (39, 
40). Delivery of DNA in this novel vector is accomplished by 
targeting recombinant AD-PL conglomerates to the transfer- 
rin receptor via vector-bound transferrin ligands. Effective 
binding of transferrin to recMCV was visualized with electron 
microscopy, although the conditions chosen for this procedure 
were different from the conditions for the actual transfection 
experiments. "Therefore, the^e"experiments"'may"serve only as - 
an estimate for the final size of the complex. Effective binding 
of the biotinylated ligand to recMCV was also validated in 
competition assays with excess ligand and specific monoclonal 
antibodies as previously described by others and us (references 
20 and 26 and data not shown). Although comparison of 
recAD and the same quantity complexed as recMCV in con- 
glomerate form seems acceptable, the Trans-MCV system 
. used El-deleted^^312 AD solelyjor.^^^^^^^ endosp- 



moiysis. Moreover, in the Trans-MCV system, the reporter 
gene is in trans, bound to the vector complex as a circular 
plasmid by electrostatic forces. In comparison, the novel vector 
presented here combines the function of DNA delivery with 
endosomolysis in cis. The.PFU-to-viral particle ratio after virus 
purification was '1:100. A significant inactivation with the 
chemical linkage procedure is reported,^ and therefore the 
number of infectious virus in Trans-recMCV or Trans-MCV is 
assumed to be far lower after linkage (2 X 10^ viral particles 
per PFU) (9). In our experiments, AD was controlled for 
particle number since it has been established that chemical 
modification reduces infectivity as measured by plaque forma- 
tion. However, it has not been demonstrated that chemical 
modification affects endosomolytic properties (5). DNA trans- 
fected with Trans-MCV is believed to remain episomal, and 
therefore intracellular degradation and mitosis will result in 
transient expression. We have demonstrated that Trans- 
recMCV expression levels are significantly higher than those of 
Trans-MCV at any time point (Fig. 5B). A rapid declme in the 
expression of episomal contained reporter genes to baseline 
after 2 weeks would be expected in cells maintained in culture 
due to dilution by dividing cells. This effect is seen in cells 
transfected with Trans-MCV. Although significantly delayed, 
expression will decline in Trans-recMCV-transfected cells and 
reach a constant baseline expression at 5 weeks, whereas no 
expression is observed in Trans-MCV-transfected cells at that 
time point. 

This improved early expression (<30 days) of Trans-recMCV 
compared with Trans-MCV could be explained by the delivery 
of DNA as recAD conglomerates to confer increased stability 
over DNA delivered in plasmid form. However, this would not 
explain the persistence of the reporter gene by PCR analysis 
and the persistence of expression at constant levels over a 
6-month period unless integration of the reporter gene into the 
host genome occurred. In contrast, the reporter gene was not 
detectable after cessation of expression in Trans-MCV-trans- 
fected cells by PCR analysis, indicating complete disappear- 
ance of this sequence (data not shown). Using FISH analysis, 
we have demonstrated integration of AD sequences into the 
genome of high-expressing cell clones that are transduced with 
the Trans-recMCV vector. Hybridization of the probe was seen 
in single homologs of the different clones, indicating integra- 
tion events of AD sequences to be only single events. Persis- 
tence and propagation of El-deleted recAD in human bone 
marrow cells and leukemia cell lines has been reported previ- 
ously and is an alternative explanation for persistent gene 
expression (22). We were unable to detect free AD in high- 
expressing clones. Furthermore, mcompletely deleted and 
propagating recAD would not be expected to result in integra- 
tion into genomic DNA. Additional reasons against the prop- 
agation of recAD as a cause for the persistent expression are 
the threshold effect seen with recAD (Fig. 5 A) and the pre- 
sumed decreased infectivity of recAD in conglomerate form 
caused by the chemical linkage procedure as discussed above. 

Our data suggest that the ability to integrate is a function of 
the reporter DNA presented as a recAD conglomerate since 
no integration events were seen with the Trans-MCV system 
for "DNA delivered as plasmid: To demonstrate' this correlation* ■ 
further, we exchanged in our transfection studies salmon 
sperm DNA in the Trans-recMCV for a /jcZ-encoding plas- 
mid. Although short-term expression of the lacZ gene was 
observed, the gene could not be detected 2 weeks after cessa- 
tion of gene expression by PCR analysis. However, expression 
of the AD-encoded luciferase gene was stable and followed 
expression kinetics reported for Trans-recMCV in Results. 
Although there may be concern for potential clinical use of 
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FIG. 8. FISH analysis cthigh^ssingsingle^el. clones. The »»rp^^^^^ 
with 4',6-diamidino-2.phenylindolc countcrstaimng (arrows) ^llhou^ the cm^c m^^^^^^^ canno be ^^^"^ P^^^^ ^rlapping meUphase spreads are represented. 

c:' rrdct^TL^^^^^^^^ ^ii; ^rsti^^^^^ s^^i detected in «ase nu^i 



vectors containing salmon sperm DNA, this reagent served 
only to control for charge neutralization between the different 
MCVs since cationic charges are associated with mcreased 
cellular uptake of gene transfer vectors (1, 7). 

It appears that the formation of recAD conglomerates by 
themselves confers increased stability over recAD, since the 
improved expression characteristics of recMCV over recAD 
(50-fold) cannot be explained by increased uptake alone (four- 
fold). Although as' a caveat, a standard assay was used to 
measure internalization (27), trypsin may not efficiently disrupt 
PL-membrane interactions, and therefore the data presented 
may overestimate the actual recMCV internalization. The four- 
fold increased uptake could be caused by uptake of conglom- 
erates via infective viral particles present, but in reduced 
amounts, in the conglomerate, via the PL component, or by a 
combination of both (1, 7, 20, 30, 34). 

This speculation is supported by the observation of a dose 
response with increasing MOIs of recAD (Fig. 5A) until a 
maximum is achieved (2,560 PFU). Although significant levels 
of gene expression were observed with recAD at this maxi- 
mum, recMCV expression levels were substantially higher (20- 
f61d);Xiiriited hijml5ere o^ oh ceUs wuld'expiiain this"^ 

maximum. Stable low levels of reporter gene expression are 
seen at these excessive MOIs, and there seems to be a thresh- 
old to achieve this effect. Although these stable expressing 
recAD-infected cell populations remained PCR positive for 
the luciferase gene, we were unable to obtain single-cell ex- 
pressing clones, and the screened clones were also PCR neg- 
ative for the luciferase gene. Therefore, the transduction fre- 
quency obtainable >vith recAD. in K562 cells appears to be very 



low. The low transduction efficiency might conceivably be ex- 
plained solely through limited virus uptake determined by re- 
ceptor number, which is reported to be relatively low m K562 
cells (33). However, we believe that this low transduction ef- 
ficiency may not be directly related to AD receptor expression. 
In this regard, in cells overexpressing AD receptor at high 
levels, AD infection results in very low stable integration 
events in the order of 10"^ (11, 17). Therefore, vector- or ceU- 
related mechanisms in addition to AD' receptor expression and 
uptake- may affect reporter gene expression and integration 
efficiency. 

The binding of transferrin to the vector for the purpose ot 
targeting adds an additional entry route to this vector system 
that will compete for uptake with the PL-mediated and AD- 
mediated mechanisms. Thus, with this vector system, there 
may be significant differences among ceU lines that express M) 
and transferrin receptors at various levels in addition to mdi- 
vidual variability between cells regarding charge-related ceU- 
vector interactions (1, 7, 20, 30, 34). Therefore, it is possible 
that in some cells, one mechanism for vector uptake may over- 
ride the other mechanisms. , 
-^"lii this regard,^ Michael et' al. showed that trarisferrm'-^oated ' 
AD-PL-DNA complexes can be effectively targeted to the 
transferrin receptor in AD receptor-overexpressing HeLa cells, 
although vector entry occurred via the AD receptor as well. 
This background could be blocked with specific anti-AD anti- 
bodies (20). We were able to validate and reproduce these 
authors' data for the Trans-recMCV system in HeLa ceils, and 
we demonstrated a transferrin receptor-mediated enhance- 
ment of reporter, geineexpres^^^^^^ 
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suggest that the targeting properties of the novel Trans- 
recMCV are similar or identical to those of the Trans-MCV 
vector in K562 and in HeLa cells. 

In addition to the endosomolytic properties of the virus 
capsid that protects virus DNA from digestion, Chiou et al. 
have demonstrated decreased degradation of plasmid DNA in 
a PL conglomerate (4). We speculate that DNA AD particles 
in a PL conglomerate may have additional increased protec- 
tion from degradation over individual particles. We hypothe- 
size that delivery of intact DNA to the nucleus is improved 
using the recMCV system. 

From our data, we conclude the ability to integrate into the 
host genome of K562 cells to be a property of this novel, 
recombinant MCV. Further characterization of the mechanism 
and pattern of the integration events is required. 

We also have performed experiments in the CD34-express- 
ing hematopoietic progenitor cell lines MB02 and M-07e, 
using the novel recMCV vector. We confirmed in these cell 
lines gene expression significantly improved over that seen with 
the MCV system. Moreover, we demonstrated that one can 
take advantage of the c-kit receptor for vector entry by conju- 
gating biotinylated c-kit ligand (stem cell factor) to the rec- 
MCV. The c-kit receptor is highly expressed on these progen- 
itor cells (data not shown). Similar to our previously published 
data with the MCV, these experiments targeting different re- 
ceptors demonstrate the versatility of the system (26). Al- 
though short-term gene expression was significantly enhanced 
with use of the recMCV vectors, gene expression kinetics at the 
protein level were not significantly prolonged in either cell line 
compared to the previously published MCV. However, we 
demonstrated persistence of the luciferase gene in both cell 
lines transfected the novel recMCV vector by PCR out to 3 
months. In contrast, cells transfected with the original MCV 
system or recAD alone demonstrated rapid loss of the lucif- 
erase reporter gene shortly after cessation of gene expression 
(within 2 weeks of transfection) (data not shown). We interpret 
these results as a cell line-dependent transgene shut off (tran- 
scriptional or translational) despite persistence of the gene, 
and this phenomenon is currently under investigation in our 
laboratory. Preliminary experiments in CD34-selected human 
bone marrow cells that express both the transferrin and the 
C'kit receptor have shown infection and reporter expression on 
a short-term basis with both the MCV and recMCV. Like most 
transfection procedures, it was not as efficient in priraaiy cells 
as in cell lines. However, it was significantly improved over that 
with recAD, which poorly infects this cell type due to lack of 
receptors (3). In these preliminary experiments, targeting the 
transferrin or the c-kit receptor did not result in the receptor- 
mediated boost in gene expression. 

AD vectors have important potential application in various 
gene therapy approaches such as those used for cystic fibrosis 
(24) or other inherited disorders such as familial hyperlipid- 
emia and hypercholesterolemia, where temporary correction 
of this condition was demonstrated in vivo (18, 29). However, 
transfection efficiency and expression with recAD vectors is 
tissue dependent and only transient expression is observed, 
since the vector does not integrate (14, 21). Immune responses 
^ to reporter^genes and to AD proteins 'coexpressed in traiis- 
fected cells have been found to be a significant problem in in 
vivo studies with preferential elimination of infected cells with 
first-generation recAD vectors (6, 37). This may explain the 
results in clinical trials, which did not provide a clinical benefit 
at the present stage of investigation (15). Crippling the AD 
vector and the design of helper virus-dependent vectors are 
current strategies to circumvent these problems and to gener- 
ate a less immunogenic vector with a higher therapeutic mdex 



(23, 38). The principle of targeted recAD conglomerates should 
also be applicable to such improved AD vectors and may affect 
further development in the AD vector field. In addition, the 
concept of forming vetAD conglomerates combined with en- 
dosomolysis can be extended to other recombinant viral vec- 
tors. For instanc&fretroviral vectors could be chemically linked 
to. PL by using a similar procedure previously described by 
Hiroshi et al, who chemically linked the asialoglycoprotein 
ligand to ecotropic retroviral vector particles, thereby redirect- 
ing tropism of the virus and possibly conferring improved in- 
tracellular survival (13). Alternatively, an antibody biotin-SA 
linkage technique has been reported by Roux et al. (25). Such 
a retrovirus-PL construct could be condensed with DNA and 
AD-PL for additional endosomolysis and could be targeted to 
a receptor in a way similar to that reported in this work. 
Although it is possible to target recombinant retroviral vectors 
via a ligand epitope expressed in the envelope of the vector 
(10), additional problems such as very low titers and low effi- 
ciency are limiting this system at the present stage of its de- 
velopment (25). Since retroviral particles are very labile and 
unsuitable for most in vivo applications due to immediate 
degradation, any manipulation conferring increased stability 
could significantly improve potential clinical applications. It is 
possible that such a targeted conglomerate construct will have 
greater stability than single-vector particles. Although this 
work outlines a novel concept of gene transfer, further exper- 
iments have to be conducted with other ligands and other cell 
lines to explore the utility and application of this system for 
different conditions. The results presented provide the ratio- 
nale to conduct such experiments to develop and to test this 
gene transfer concept consisting of recombinant vector con- 
glomerates in conjunction with endosomolytic agents. 

In summary, we have demonstrated improved expression 
characteristics for a novel targeted AD conglomerate vector 
compared with a previously described targeted MCV in the 
K562 cells. Although DNA degradation was not measured 
directly and the conclusions are based on gene expression data, 
it appears that reporter DNA in recAD has increased protec- 
tion from intracellular degradation compared with plasmid 
DNA, and. the formation of recombinant AD-PL conglomer- 
ates confers increased stability over single recAD particles. 
Moreover, this stable expression was associated with integra- 
tion of AD sequences into genomic DNA. This novel concept 
of targeted vector complexes with or without endosomolytic 
agents could be explored further with various existing recom- 
binant vectors. 
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